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: ABSTRACT 

> . 

' Using the deepest and finest resolution images of tlie Universe acquired witli 

- - ' the Hubble Space Telescope and a similar image taken 7 years later for the Great 

Observatories Origins Deep Survey, we have derived proper motions for the point 
sources in the Hubble Deep Field-North. Two faint blue objects, HDF2234 and 
HDF3072, are found to display significant proper motion, 10.0 ± 2.5 and 15.5 ± 
3.8 mas yr~^. Photometric distances and tangential velocities for these stars are 
consistent with disk white dwarfs located at ~ 500 pc. The faint blue objects 
analyzed by Ibata et al. (1999) and Mendez & Minniti (2000) do not show 
any significant proper motion; they are not halo white dwarfs and they do not 
contribute to the Galactic dark matter. These objects are likely to be distant 
AGN. 
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1. Introduction 

Major observational campaigns have searched for dark matter in the form of massive 
compact halo objects (MACHOs) using microlensing events (e.g. Alcock et al 1997; Afonso et 
al. 2003; Udalski et al. 1992). The detection of 13-17 microlensing events toward the Large 
Magellanic Cloud during 6 years by the MACHO collaboration imphes that a significant 
fraction (20%) of the halo of the Galaxy may be in the form of compact halo objects (Alcock 
et al. 2000). The time scale of these lensing events ehminates the possibility of MACHOs 
having substellar masses. The MACHO collaboration finds a most probable mass of 0.5 Mq 
which supports the idea of a massive halo comprised of baryonic matter in the form of low 
luminosity white dwarfs (Kawaler 1996). Recent observations by the EROS group provide 
further evidence that less than 25% of a standard dark matter halo can be composed of 
objects with a mass between 2 x 10""^ Mq and 1 Mq (Afonso et al. 2003). 

Halo white dwarf stars are expected to have large proper motions as a result of their high 
velocities relative to the Sun. HST proper motion studies of the Globular Cluster NGC 6397 
showed that most of the required dark matter in the solar vicinity can be accounted for by a 
population of old white dwarfs representing the thick disk and halo of the Galaxy (Mendez 

2002) . Claims by Oppenheimer et al. (2001) and Ibata et al. (2000) that they had found 
a significant population of halo white dwarfs from kinematic surveys are tantalizing. Their 
discoveries seemed to be consistent with earlier findings of an old population of white dwarfs 
in the Hubble Deep Field (Mendez & Minniti 2000). However, further analysis by several 
groups showed that the sample of Oppenheimer et al. (2001) could also be interpreted as 
the tail of a kinematically warmer white dwarf component, better explained by the thick 
disk population of the Galaxy (Reid et al. 2001; Reyle et al. 2001; Mendez 2002; Bergeron 

2003) . 

The Hubble Deep-Field (HDF) provides a unique window on the Universe (Williams et 
al. 1996; Flynn et al. 1996). The extreme depth of the HDF provides an unprecedented 
advantage to find faint stellar objects as well as to study very distant galaxies. The advantage 
of going deep is that it allows us to search for faint stellar components of the Galaxy in the 
regions of the color-magnitude diagram that are devoid of any contamination by standard 
Galactic stars. The lack of ordinary disk stars is due to the finiteness of the Galaxy (Flynn et 
al. 1996). Mendez & Minnitti (2000) claimed that the faint blue objects found in the HDF- 
North and HDF-South are Galactic stars based on the observed number of blue sources and 



^Based on observations made with the NASA/ESA Hubble Space Telescope, obtained from the Data 
Archive at the Space Telescope Science Institute, which is operated by the Association of Universities for 
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extr agalactia sources in the two fields. Independent proper motion measurements for five 
of these faint blue sources by Ibata et al. (1999) suggested that they are cool halo white 
dwarfs which could account for the entire missing mass in the solar neighborhood. Third 
epoch data on these five objects, however, did not show any significant proper motion (R. 
Ibata, private communication; Richer 2001). 

We use the original Hubble Deep Field - North data and images of the same field taken 
7 years later for the Great Observatories Origin Deep Survey (GOODS) to measure proper 
motions of the point sources analyzed by Ibata et al. (1999) and Mendez & Minniti (2000). 

2. Proper Motion Measurements 

GOODS is a multi- wavelength, multi-facility deep survey designed to study galaxy for- 
mation and evolution over a large redshift range. It includes deep imaging with ACS in the 
B, V, i, and z bands, and reaches down to AB = 28.1, 28.4. 27.7, and 27.6 in the four bands, 
respectively (10 sigma, point source) (Giavalisco et al 2003). Our second epoch data, ac- 
quired with HST and ACS as part of the GOODS ACS Treasury program, provide a baseline 
of 7 years. The GOODS team released version 1.0 of the reduced, calibrated, stacked, and 
mosaiced images of the HDF - North in 17 sections. Section 32 (total integrations of 34.9 ks 
in V and 36.9 ks in I) and section 33 (48.9 ks in V and 51.9 ks in I) overlap with the original 
HDF-North images. 

The source catalogs for the first epoch are produced by the Space Telescope Science 
Institute (STScI) from the combined and drizzled images. We note that the first epoch 
HDF-North catalogue is based on rereduced HDF-North images by Casertano et al. (2000), 
providing a 10% increase in depth. We used the SExtractor package (Bertin & Arnouts 1996), 
version 2.3, to build source catalogues from the second epoch data. The major motivation 
for using SExtractor was its incorporation of weight maps in modulating the source detection 
thresholds. Source detection was carried out on the inverse-variance-weighted sum of the V 
and I band drizzled images. The combined V + I image is deeper than any of the individual 
images (Casertano et al. 2000). Only those objects matching the positions of the objects in 
the first epoch data with differences less than 0.2 arcsec are included in our final catalogue. 
Furthermore, we visually inspected all of the sources used for our proper motion study to 
avoid any mismatches. Although the GOODS Team released version rl.O of the ACS multi- 
band source catalogs, their catalogs are based on z-band detection only (Giavalisco et al. 
2004). Hence the released catalogs are not appropriate for the study of faint blue objects. 
The GOODS data are 0.5 - 0.8 mag shallower than the original HDF images, therefore 
we use the first epoch images for photometry. Astrometric and photometric data for the 
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point sources in the HDF-North are given in Table 1. We adopted the cahbrated V and I 
photometry of Mendez & Minniti (2000). 

Although the effective point spread function (ePSF) fitting procedure (Anderson & King 
2000) is the most precise astrometric technique for HST images, well-exposed star images 
are required to accurately sample the PSF. There are not many stars in the Hubble Deep 
Field, and the main source of error in our proper motion measurements is the positions of 
the reference compact objects (galaxies). Therefore the ePSF method is not necessary and 
was not used for our analysis. 

The original HDF images were rereduced and corrected for distortion by Casertano et 
al. (2000). The second epoch data were corrected for distortion by the GOODS team using 
the latest (July 2003) coefficients released by the ACS group at STScI. Even with these 
distortion corrections, however, some distortion remains (Bedin et al. 2003). The effect of 
the remaining distortion is larger if a global coordinate transformation is used. Instead of 
performing a global transformation, we have used the IRAF routine GEOMAP to derive 
a quadratic local transformation for each star, using a surrounding net of several dozen 
compact objects (isolated, low residuals, and not fuzzy). After mapping the distortions with 
the GEOMAP package, object coordinates were transformed to the second epoch positions 
with the GEOXYTRAN routine. 

Figure 1 shows the contour maps for the two bright stars HDF2272 and HDF3072. The 
immediate field around each object is shown with dashed lines crossing at the first epoch 
position. The second epoch position is marked with an asterisk. This figure shows that 
SExtractor works very well for bright compact objects and these two objects are apparently 
moving. For faint objects pixel maps are more informative than contour maps. Pixel maps 
for two faint, possibly moving objects are shown in Figure 2. Solid lines cross at the first 
epoch position, and the second epoch position is marked with a box. Centroiding errors for 
faint stars are naturally worse, therefore proper motion errors are larger for the fainter stars. 

3. Results 

Proper motion measurements are mainly affected by distortion mapping and selection 
of reference objects. The RMS error of the transformations are larger than the positional 
errors of the objects. In order to check our distortion solution we have used the GEOMAP 
package with different polynomial terms. We started with no distortion correction and 
deleted deviant points using a 3 cr rejection algorithm. Rejection of very deviant points is 
required due to the fact that our reference objects are compact galaxies and centroiding errors 
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are larger for galaxies. We used quadratic, quadratic with one cross-term, and quadratic with 
4 cross-terms local transformations. For most of the objects, the results from higher-order 
transformations were very similar to the results from the quadratic (with no cross-term) 
local transformation. This gave us confidence in the stability of our procedure. For two 
objects, the use of the higher-order terms made the distortion solution unstable because of 
the relative positioning of the reference objects. To be conservative, we adopted the quadratic 
with no cross-term local transformation for distortion mapping for all of our objects. 

Figure 3 shows the differences between second epoch coordinates and transformed first 
epoch coordinates for one of our stars, HDF1583, and the surrounding 40 reference objects. 
A 3 a rejection algorithm is later used to eliminate outliers from the sample. Error bars 
include positional errors from the SExtractor first and second epoch coordinates and the 
RMS error of the transformation. It is clear from this figure that HDF1583 is statistically 
well separated from the reference objects, most or all of which are galaxies: it is moving with 
respect to this external reference frame. 

In order to further test our transformations, we have also used all compact objects 
with positional differences between the two epochs of less than 0.4 pixels to perform a 
global transformation. We found 377 compact galaxies matching our criteria, and fit a 
quadratic polynomial to map the distortions. As described above, we have measured proper 
motions in four to six different ways. Our conservative estimate of the proper motions, their 
significance (/i/o"), and position angle arc given in Table 2, along with the observed range 
of proper motions from different transformation versions. A comparison of the observed 
ranges and errors for the proper motion measurements show that the errors are consistent 
with the variations between fitting techniques. Typical errors in our measurements are ~2.5 
mas yr~^. Hence, only those objects having proper motions larger than 5 mas yr~^ have 
significance greater than two. The bright objects HDF2272, HDF2234, HDFlOl, HDF1583, 
HDF3072, HDF2258, and HDF1481 are definitely moving, and the faint objects HDF1816 
and HDF774 might be moving. 

Star-galaxy confusion becomes worse at faint magnitudes. Only objects 15a above the 
sky level were analyzed by Mendez & Minniti (2000). Proper motions provide further star- 
galaxy separation since anything with a significant proper motion cannot be very distant 
(e.g. Ibataet al. 1999). 

We calculated photometric distances for all objects in our sample assuming that they 
are either main sequence stars, white dwarfs, or white dwarfs on the blue hook of the cooling 

sequence. For a given V — I color, we estimate three absolute magnitudes for each object 
by linearly interpolating the V — I and My relation for main sequence stars (Table 15.7 of 
Allen's Astrophysical Quantities, 2000), white dwarfs, and cool white dwarfs (Hansen et al. 
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1999). 

White dwarfs become redder as they cool until the effects of collision induced absorption 
due to molecular hydrogen becomes significant below ~5000 K. The V — I colors for white 
dwarfs are expected to become bluer for Tes < 3500K (Hansen et al. 1999; Saumon & 
Jacobson 1999). Cool white dwarf colors can be quite different in Johnson/Kron-Cousins 

and the HST filters since H2 opacity produces sharp flux peaks in the white dwarf spectra. 
The observed colors of the white dwarfs depend on the transmission peaks of the filters. 
Richer et al. (2000) calculated the HST colors for white dwarfs using the Holtzmann et al. 
(1995) bandpasses and the transformations they use to express fluxes in V, R and I. Hubble 
Deep Field photometry is calibrated using the Holtzmann et al. (1995) transformations 
(Mendez & Minniti 2000). Therefore we used Richer et al. (2000) white dwarf coohng tracks 
instead of more recent Chabrier et al. (2000b) models. We use the apparent magnitudes of 
the objects and the adopted absolute magnitudes to estimate photometric distances. 

Proper motion measurements and derived distances can be used to calculate tangential 
velocities using the equation 



where jj, is the proper motion in arcsec yr^^, d is the distance in parsecs, and Vtan is the 
tangential velocity in km s~^. With the assumption that the objects are either main sequence 
stars, DA white dwarfs, or cool white dwarfs, derived distances and tangential velocities 
are given in Table 3. The differences between Chabrier et al. (2000b) and Richer et al. 
(2000) white dwarf colors are equivalent to absolute magnitude differences of to 0.5 mag. 
This corresponds to 0-25% difference in estimated distances and velocities with an average 
difference of about 10%. 



3.1. Bright Sources (V < 27) 

Mendez & Minniti (2000) analyzed sources brighter than Y—27, for which SExtractor 
gives reliable star-galaxy separation. The same sources have stellarity indices > 0.97 in the 
GOODS data (Giavahsco et al. 2004) which has better spatial resolution than the original 
HDF images. The morphology of these sources as point-like is well supported. HDF2272, 
HDF2234, HDFlOl, HDF1583, HDF1828, HDF2134 and HDF2258 are further confirmed to 
be stars with Keck LRIS spectroscopy (Cohen et al. 2000). 

We have searched the 503 X-ray point sources detected in the 2 Ms Chandra exposure 
of the region around the Hubble Deep Field North called the Chandra Deep Field North 
(Barger et al. 2003) for possible matches with the point sources analyzed here. We did not 
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find any objects matching our objects within a search radius of 0.5 arcseconds; we could not 
confirm if we had any quasars among our objects. 

A comparison of the distances, tangential velocities, and photometric colors show that 
HDF1828, HDF2134, HDF2258, HDF1481, HDF684, and HDF3000 are halo main sequence 
stars (Table 3). Their V - I colors are too red to be white dwarfs. HDF2272, HDFlOl, 
HDF1583, and HDF1470 can be either main sequence stars or white dwarfs. Since we are 
sampling a larger volume for main sequence stars, these four stars are likely to be main 
sequence stars. Cohen et al. (2000) classified HDF2272 and HDF1583 as stars showing Mg 
absorption and Balmer fines, and HDF2234, HDFlOl, HDF1828, HDF2134 and HDF2258 
as stars showing TiO or CaH bands. 

HDF2234, HDF3072, HDF161, HDF3031, and HDF759 would fiave to be at very large 
distances and moving witfi velocities fiigfier tfian tfie escape velocity of our Galaxy if tfiey 
were main sequence stars. Tfie first 11 objects (V < 26) in Table 1 are also detected in tfie 
Hawaii-HDF-N Survey (Capak et al. 2003), an intensive multi-color (U, B, V, R, I, z, HK) 
imaging survey of 0.2 square degrees centered on tfie HDF-N. Figure 4 sfiows normalized 
UBVRIz magnitudes for HDF2234 (filled triangles), HDF3072 (filled circles), and HDF161 
(open circles) along witfi colors for a 15000 and 3000 K blackbody (long-dasfied fines). Tfie 
observed magnitudes are normalized at V. Dasfied-dotted lines represent two DA wfiite 
dwarf models (7000 K and 3500 K), and dotted lines represent two DB wfiite dwarf models 
(8000 K and 3500 K; D. Saumon, private communication). Our simulations for a QSO at 
z=0.3 (upper solid line) and anotfier at z=0.7 (lower solid line) are also sfiown. We fiave used 
tfie composite quasar spectra from tfie Sloan Digital Sky Survey (Vanden Berk et al. 2001) 
to simulate tfie colors for quasars. Plotting all of tfie normalized magnitudes in tfie same 
plot is an efficient way of presenting all of tfie data; it is similar to plotting low-resolution 
spectroscopy. 

A comparison of tfie observed colors of HDF2234 witfi tfie models sfiows tfiat it is fiotter 
tfian 10000 K. J. Cofien kindly provided us tfie Keck/LRIS spectrum for HDF2234. Tfie 
same object is also observed by tfie Team Keck Treasury Redsfiift Survey (Wirtfi et al. 
2004) wfio made tfieir data pubficly available. Figure 5 sfiows tfie uncafibrated spectrum of 
HDF2234 observed by tfie Team Keck Treasury Redsfiift Survey. Tfie object sfiows Ha at its 
rest wavelengtfi; it is a star in our Galaxy. Altfiougfi Cofien et al. (2000) classified tfiis object 
as a late-type star sfiowing CaH or TiO, its colors indicate tfiat HDF2234 is too fiot to sfiow 
CaH and/or TiO. Absence of B.(3 and Mg absorption eliminates tfie possibility of tfie object 
being a main sequence star. Tfie broad feature at ~ 5400 A migfit be due to tfie efficiency 
of tfie instrument + blocking filter combination, and tfie 6890 A feature is tfie atmospfieric 
B band. Tfie star could be a cool DA wfiite dwarf sfiowing only Ha. However, tfie colors 
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indicate that this should be a white dwarf hotter than 10,000 K which is inconsistent with 
such weak H hues, unless the star is a DC white dwarf at a position just too cool to show 
He I (11,000K) but then Ha alone cannot be explained. The nature of this object remains 
ambiguous at this time. Follow-up spectroscopy in the blue is needed to confirm that this 
object is a white dwarf. 

HDF3072 displays even higher apparent proper motion than HDF2234, 15.47 ± 3.83 
mas yr~^. Its colors, and implied distance and velocity are consistent with a ~ 4500 K white 
dwarf at d ~ 500 pc. 

The faint blue objects in Mendez & Minniti (2000) are HDF684, HDF161, HDF3031, 
HDF759, and HDF995. We have classified HDF684 as a main sequence star (see above). 
The rest of the faint blue objects, HDF161, HDF3031, HDF759, and HDF995 do not seem 
to exhibit any proper motion. HDF161 was near the detection limit of the Hawaii-HDF-N, 
and other three objects are not detected in the Hawaii-HDF-N. Figure 4 shows that HDF161 
(open circles) exhibits a near-infrared excess; it is consistent with being a QSO under the 
given photometric uncertainties. Therefore we believe that HDF161, HDF3031 and HDF759 
are probably AGN. These objects cannot be low-mass main sequence stars, brown dwarfs, 
or free floating planets due to their blue colors (see Chabrier et al. 2000a). Also, they cannot 
be comets or asteroids in our solar system due to their small proper motions (A. Cochran, 
private communication). Due to the large errors in the distance and velocity for HDF995, 
its nature is unclear. 



3.2. Faint Sources {27>V> 29) 

Star-galaxy separation becomes ambiguous below V~27. Proper motions can be used 
to identify stars fainter than 27th magnitude since a moving object has to be in our Galaxy. 
We find that only two of the objects in our sample, HDF1816 and HDF774, have significant 
movement. These two objects are most likely Galactic white dwarfs. The rest of the faint 
objects do not show any significant movement (/u/a < 2). For these objects, distances and 
velocities are consistent with halo white dwarfs or extragalactic sources. Mendez & Minniti 
(2000) found 566 extragalactic sources in the same magnitude and color range as the 5 faint 
blue sources that are brighter than 27th magnitude. The ratio of the number of extragalactic 
objects to the number of stars increases at fainter magnitudes. Therefore, we believe that 
faint sources, with no significant apparent proper motion, are extragalactic objects. 
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3.3. Ibata et al. (2000) Objects 

Ibata et al. (1999) obtained second-epoch exposures of the HDF in 1997, and derived 
proper motions using a 2-year basehne. They found that two blue, faint objects displayed 
proper motions ~ 25 mas yr^^ and three other stars at the detection limit of the second- 
epoch observations might be moving. Third epoch data on these objects showed that these 
objects are not moving (R. Ibata, private communication; Richer 2001). 

Two of the objects in the Ibata et al. (1999) sample are in common with Mendez & 
Minniti (2000) objects. These two objects, HDF806 and HDF1816, have stellarities larger 
than 0.9, therefore are classified as stars by SExtractor. Stellarity is the probabihty of an 
object being a point source (stellarity=l) or an extended object (stellarity=0) assigned by 
SExtractor. Mendez & Minniti (2002) found that all objects with stellarity < 0.85 are clearly 
extended, and used a conservative cut at stellarity > 0.90 to identify point sources. We find 
that HDF806 and HDF1816 have proper motions of 1.15 ±2.91 mas yr"^ and 5.49 ±1.89 
mas yr^^, respectively. The other three objects are classified as galaxies by the SExtractor. 
Visual inspection of the first and second epoch images (Figure 6) shows that these three 
objects are extended, and clearly not stars. We conclude that 3 of the objects (2-766, 4-141, 
4-551) in the Ibata et al. (1999) sample are galaxies, HDF806 (2-455) is not moving, and 
HDF1816 (4-492) is probably moving (2.9 a significance). 



4. Discussion 

The nature of the faint blue objects in the Hubble Deep Field may be crucial to under- 
standing the contribution of low luminosity halo white dwarfs to micro-lensing events and 
the dark matter content of the Galaxy. Apparent proper motions for 5 faint blue objects 
(Ibata et al. 1999) was enough to explain the entire missing mass in the halo of the Milky 
Way. Mendez & Minniti (2000) claimed that the faint blue objects are white dwarf stars 
located at heliocentric distances of up to 2 kpc and belong to the Galactic halo. They found 
a local halo white dwarf mass density of 4.64 x 10~^ Mq pc~^, which would account for 
about 30-50% of the dark matter in the Galaxy. 

With the advantage of a 7-year basehne, we are able to place better hmits on the proper 
motion measurements of the faint blue objects. Using the proper motion information, we also 
derived distances and tangential velocities for these objects. Figure 7 shows the tangential 
velocities and distances for objects brighter than V ^ 21 assuming that they are main 
sequence stars or DA white dwarfs. All of the main sequence stars exhibit halo kinematics 
and distances, whereas all of the likely white dwarfs exhibit disk kinematics and distances. 
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FoUowing Gilmore, King, & van der Kruit (1989; see also von Hippel & Bothun 1990) 
we use the analytical form of the density profile for the thin disk and thick disk 

^ = 0.96 e-^/250pc ^ Q_Q4 g-./iooopc ^2) 
with a local normalization of 0.11 Mq pc~^ (Pham 1997). We use the form 

-HaUr) oc ^^l^, (3) 

for the halo (Young 1976), where R is the distance from the Galactic center, and Rg is the 
scale factor. R is related to the distance r from the observer to a star by 

i?2 ^ i?2 + ^2 _ 2j.ji^ cost cosl (4) 

with Rq the solar Galactocentric distance, and b and / the Galactic coordinates for the 
HDF-North. We use Rq =7.8 kpc (Gilmore, King, & van der Kruit 1989), Re =2.7 kpc (de 
Vaucouleurs & Pence 1978) and a local normalization for the halo of (1/800) x 0.11 Mq 
pc~^ (Chen et al. 2001; Gilmore, King, & van der Kruit 1989). Using equations 2, 3, and 
4, we calculated the expected number of stars in the HDF. We expect to find 2 thin disk, 3 
thick disk, and 11 halo objects in the HDF-North. 

We have also used Reid & Majewski (1993) star count models to predict the number 
of stars in the HDF-North. We found that 2 thin disk, 4 thick disk, and 14 halo objects 
are expected in the HDF-North. Both simple analytical models and more sophisticated 
star count models, when extrapolated to the photometric depth of the HDF, predict similar 
number of stars (16-20) in the HDF-North. 

There are 14 stars brighter than V = 27 and 17 objects fainter than V — 27 classified as 
stars by SExtractor. The observed number of stars and the predictions of star count models 
are in good agreement for V ^ 27 (see also Mendez ct al. 1996 and Mendez & Minniti 
2000). On the other hand, there seems to be an excess of point sources in the Hubble Deep 
Field - North for V > 27. Unfortunately, SExtractor classification cannot be trusted at 
these magnitudes. Furthermore, we did not detect significant proper motion for all but two 
of these objects. The two faint, possibly moving objects, HDF774 and HDF1816, may be 
halo white dwarfs. One of the problems with any analysis using these objects is that the 
observations are beyond the completeness limit, and any calculation based on them is subject 
to a significant completeness correction. The rest of the objects fainter than V — 27 are 
probably extragalactic objects (see section 3.2). 

The five faint blue objects analyzed by Mendez & Minniti (2000) do not exhibit any 
significant proper motion; they are not halo white dwarfs. These objects do not account 
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for the MACHO optical depth and are not the source of the Galactic dark matter. Their 
stellar nature is not confirmed either. The colors of HDF161 are consistent with our QSO 
simulations. The faint blue objects may be distant AGN. 

Holberg et al. (2002) used a local sample of white dwarfs complete out to 13 pc, and 
found the local mass density of white dwarf stars to be 3.4 ±0.5 x 10~^ Mq pc~^. Using 
this normalization factor in equations 2 and 3, we estimate the expected number of white 
dwarfs in the Hubble Deep Field. We expect to find 0.05 disk white dwarfs, 0.09 thick disk 
white dwarfs, and 0.33 halo white dwarfs in the Hubble Deep Field North. We have also 
used Rcid & Majcwski (1993) star count models to predict the number of white dwarfs in 
the HDF. The results are roughly consistent: 0.10 disk, 0.25 thick disk, and 0.5 halo white 
dwarfs are expected. 

We have discovered two likely white dwarfs, HDF2234 and HDF3072, brighter than 
V = 27 in the HDF-North. They are located at distances of ~ 500 pc and have tangential 
velocities ~30 km s~^. Their kinematic properties are consistent with being thin disk or 
thick disk objects (see Table 3 and Figure 7). The expected number of thin disk + thick disk 
white dwarfs is found to be 0.14 - 0.35. We have found 6 to 14 times more disk white dwarfs 
in the HDF-N than expected from the models. Assuming Poisson statistics, the probability 
of finding two white dwarfs is 1% if the expected number of white dwarfs is 0.14 and 4% if the 
expected number of white dwarfs is 0.35. The number of disk + thick disk white dwarfs may 
be substantially underestimated. Due to small number statistics, however, this statement 
is only a 2-3 a result and it heavily depends on the fact that HDF2234 and HDF3072 are 
white dwarfs. Follow-up spectroscopy of these two objects is needed to confirm this result. 

Mendcz & Minniti (2000) have found 22 Galactic stars and 10 faint blue objects in the 
Hubble Deep Field - South. A natural test to check the space density of disk and halo 
white dwarfs would be to obtain second epoch observations of the HDF-South to find high 
proper motion objects. Also, the HST/ACS Ultra-Deep Field observations of the Chandra 
Deep Field - South will be useful to search for faint blue objects at fainter magnitudes and 
to improve the morphological classification of these objects at brighter magnitudes. The 
Ultra-Deep Field will be ~ 1.5 mag deeper than the HDF and HDF-South (Beckwith et al. 
2003). 

We thank Judy Cohen for kindly providing us Keck/LRIS spectrum of HDF2234. We 
also thank Didier Saumon for making his cool white dwarf models available to us and to 

the Team Keck Treasury Rcdshift Survey for making their data publicly available. We are 
grateful to J. Liebert & A. Cochran for useful discussions on the nature of HDF2234. This 
material is based upon work supported by the National Science Foundation under Grant No. 
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Table 1. Point Sources in the Hubble Deep Field 
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^Chip coordinates from the HDF mosaics 
''Chip coordinates from GOODS section 33 
'^Chip coordinates from GOODS section 32 
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'^Object in common with Ibata et al. (1999) 

Note. — There is an offset between our coordinates and the GOODS Teams rl.O 
version of the source catalogues (Giavahsco et al. 2004). The offset is +300 pixels 
in X and +200 pixels in Y. 
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Table 2. Proper Motions 
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Table 3. Photometric Distances and Tangential Velocities''^ 
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^Assuming that the object is cither a main sequence star (MS), a white dwarf (WD), or a very cool white dwarf (CWD, T^ff < 3500/^) 
^Distances are in parsecs, and velocities are in km sec~^ 
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Fig. 1. — Two bright, apparently moving objects. The panels show contour maps and first 
and second epoch positions of the stars HDF2272 and HDF3072. The contour maps show 
the flux distribution around each object (20 x 20 pixels, 0.6" x 0.6"). Dashed lines cross at 
the first epoch position. An asterisk marks the second epoch position. 

Fig. 2. — Two faint, possibly moving objects. The left panels show pixel maps for the first 
epoch and the right panels show pixel maps for the second epoch for HDF1816 and HDF774. 
Solid lines cross at the first epoch position. The second epoch position is shown with a box. 
Images are 20 pixels on a side (0.6"). 

Fig. 3. — Difference between second epoch coordinates (X2,Y2) and transformed first epoch 
coordinates (Xi,Yi) for HDF1583 and the surrounding reference compact objects. Refer- 
ence objects that are not included in our transformations are shown as open circles. Error 
bars include centroiding errors from the first and second epochs, and the RMS error of the 
GEOMAP transformation. HDF1583 is an example of an object that is clearly exhibiting 
proper motion. 

Fig. 4.— Normalized UBVRIz magnitudes for HDF2234 (filled triangles), HDF3072 (filled 
circles), and HDF161 (open circles). The observed magnitudes are normahzed at V. The 
colors for a 15000 and 3000 K blackbody are shown as long-dashed lines. Dashed-dotted 
lines represent two DA white dwarf models (7000 K and 3500 K), and dotted lines represent 
two DB white dwarf models (8000 K and 3500 K, D. Saumon, private communication). 
Colors for a QSO at z=0.3 (upper line) and another at z=0.7 (lower line) are also shown as 
solid lines. 

Fig. 5. — Keck/DEIMOS (un-calibrated) spectrum of HDF2234 observed by the Team Keck 
Treasury Redshift Survey. The spectrum is smoothed with a 5 pixel wide boxcar. Instrument 
efficiency for the blocking filter used for the observations is shown as dotted line. The broad 
feature at ~ 5400 A is due to the instrument efficiency and the feature at 6890 A is the 
atmospheric B band. The only detectable feature is Ha. 

Fig. 6.— Pixel maps for three of the Ibata et al. (1999) objects, HDF2837, HDF2952, and 
HDF574 with stellarity indices of 0.68, 0.07, and 0.11 respectively. Visual inspection of the 
images further confirms that these are extended objects. Note that we have not measured 
proper motions for these objects. 

Fig. 7. — Tangential velocities and distances for main sequence stars (top panel) and likely 
white dwarfs (bottom panel) brighter than 27th magnitude. The dashed line marks the 
upper bound for the escape velocity from the Milky Way (650 km sec~^; Leonard & Trcmaine 
1900; Meillon et al. 1997). All of the main sequence stars have halo properties, whereas the 
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probable white dwarfs have disk properties. 
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Figure 6 
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